Introduction
Multiple stimuli, such as growth factors, proinflammatory cytokines and physical stress, induce and activate a group of DNA binding proteins that form the dimeric transcription factor complex AP-1. Composed of Fos and Jun dimers, AP-1 binds to specific recognition elements (TRE) found in many enhancer and promoter regions. Hence, being at the end of the signaling cascade, the differential expression of AP-1 proteins converts extracellular signals into cytoplasmic signaling cascades, resulting in the expression of specific target genes (Shaulian and Karin, 2002; Eferl and Wagner, 2003) . Three members of the Jun family, c-Jun, JunB and JunD, share a high degree of sequence homology; however, their functions in cellular processes such as growth regulation, transformation, apoptosis or survival are different Mechta-Grigoriou et al, 2001 ). Mice lacking c-jun die between day 12.5 and 13.5 of embryonic development (Hilberg et al, 1993; Johnson et al, 1993) . These mutant embryos exhibit increased apoptosis in the liver and display malformation in the heart outflow tract (Eferl et al, 1999) . On the other hand, junB-deficient embryos die due to multiple defects in the extra-embryonic tissues (Schorpp-Kistner et al, 1999) . In contrast to c-Jun and JunB, mice lacking junD are viable, suggesting that JunD is dispensable for embryonic development (Thepot et al, 2000) . However, mutant male mice display impaired growth, and a lack of JunD results in defective spermatogenesis. In contrast to inactivation, broad overexpression of c-Jun and JunB in transgenic mice does not result in an overt phenotype .
JunD was reported to function primarily as a negative regulator of cell proliferation and a protective protein against apoptosis. Overexpression of JunD in immortalized fibroblasts decreases proliferation (Pfarr et al, 1994) . In addition, immortalized junD À/À fibroblasts show increased proliferation due to higher levels of cyclin D1 . However, JunD can also positively influence the cell cycle. Primary mouse fibroblasts lacking JunD proliferate less and display premature senescence via a p53-dependent pathway . JunD also plays a major role in cellular transformation in vitro, as JunD expression is decreased in Rastransformed fibroblasts and JunD overexpression partially suppresses Ras-induced transformation (Pfarr et al, 1994) . On the other hand, the tumor suppressor Menin interacts with JunD and represses its transcriptional activity, suggesting that downregulation of JunD is involved in the suppression of neoplastic growth (Agarwal et al, 1999) . JunD was also identified as an antiapoptotic gene, as JunD-deficient fibroblasts display increased sensitivity to UV irradiation or TNF-a treatment . Accumulation of p53 in the nuclei of junD À/À fibroblasts could be the reason for the increased sensitivity to proapoptotic signals. In addition, mice lacking JunD were sensitive to the cytotoxic effects of TNF-amediated hepatitis in vivo . Recently, increased antiapoptotic gene expression via the JNK/JunD pathway has been linked to NF-kB (Lamb et al, 2003) . (Mosmann and Coffman, 1989; Paul and Seder, 1994) . Th1 cells promote the inflammatory and cellular immune response by producing IFN-g, lymphotoxin a (TNF-b) and IL-2. In contrast, Th2 cells induce humoral immunity by secreting IL-4, IL-5, IL-6 and IL-10 cytokines. The most potent factors that influence Th1 and Th2 differentiation are IL-12 and IL-4, respectively. IL-12 activates the Stat-4 signaling pathway (Glimcher and Murphy, 2000; Ho and Glimcher, 2002; O'Shea et al, 2002) , and IL-4 mediates its effects through the Stat-6 signaling pathway (Wurster et al, 2000; O'Shea et al, 2002) . Several transcription factors have been identified that promote the proliferation and differentiation of T cells into Th effector cells. Among the AP-1 members, JunB was found to regulate IL-4 expression and to bias Th differentiation toward the Th2 lineage (Rincon et al, 1997; Li et al, 1999; Hartenstein et al, 2002) . Other transcription factors associated in the regulation of IL-4 expression and commitment of Th2 cells include GATA-3 (Zhang et al, 1997 (Zhang et al, , 1998 (Zhang et al, , 1999 Zheng and Flavell, 1997) , c-maf (Ho et al, 1996; Kim et al, 1999) , NFAT (Rooney et al, 1995a; Macian et al, 2001) and NF-kB (Ferreira et al, 1999; Das et al, 2001 ), most of them being able to dimerize or to interact functionally with AP-1.
The differentiation of naive T cells into Th1 and Th2 helper cells is a hallmark of T cell-dependent immune responses
To investigate the role of JunD in cellular processes, such as proliferation, differentiation and apoptosis in vivo, we generated mice expressing a JunD transgene in many tissues. Ubi-junD m transgenic mice are viable, but exhibit profound defects in lymphoid cells. Overexpression of JunD suppresses B and T lymphocyte proliferation and Th differentiation, whereas lymphocyte apoptosis is not affected. JunD appears to mediate these effects by modulating the expression of key molecules involved in T cell activation (CD25, CD69) and differentiation (IL-4, IL-10). IFN-g was also found to be increased in JunD-deficient Th1 or Th2 polarized CD4 þ T cells, which is probably due to increased expression of Th1-specific transcription factor T-bet and reduced expression of suppressor of cytokine signaling-1 (SOCS1). Thus, these data identify a novel function for JunD in T lymphocyte proliferation and Th differentiation.
Results

Characterization of Ubi-junD m transgenic mice
Transgenic mice were generated expressing the murine junD gene under the control of the human ubiquitin C promoter (Ubi-junD m ), which directs ubiquitous expression to most mouse tissues ( Figure 1A ; Schorpp et al, 1996) . The junD cDNA was linked to the SV40 polyadenylation signal and was tagged at the C-terminus with a single myc epitope to be able to distinguish the exogenous from the endogenous JunD protein (Togel et al, 1998) . Two transgenic lines with different copy numbers, line Tg5 (two to three copies), and Tg8 (five copies) were established. Tg5 was mainly used in subsequent analyses, as initial experiments gave identical results. Western blot analysis showed that transgenic JunD (JunD m ) protein was widely expressed in many organs ( Figure 1A ), including B and T cells and thymocytes ( Figure 1B ). Western blot analysis performed on purified T cells displayed similar JunD expression in transgenic cells compared to wild-type cells. The expression of myc-tagged full-length JunD yielded a slightly larger protein that was detected with antibodies to JunD. This slight increase in size was expected from the addition of the 14-amino acid long myc-tag ( Figure 1C ; Togel et al, 1998) .
Ubi-junD m transgenic mice in a 129/sv Â C57BL/6 mixed genetic background were fertile and did not show any gross phenotypic abnormalities, except for signs of infections localized mainly around the eyelids (data not shown). Peripheral white blood analysis of 12-week-old transgenic mice revealed that the absolute lymphocyte number was reduced to half (wild-type 82%710; Ubi-junD m 45%78), while neutrophil counts had increased 2.5-fold (wild-type 14%76; Ubi-junD m 35%73). Histological analyses also revealed massive focal inflammation by neutrophils with subsequent ulceration of the colon mucosa in 10% of Ubi-junD m mice (data not shown). T helper cell-derived cytokines differentially regulate the production of immunoglobulin (Ig) classes by B cells. Th2 cells secrete IL-4, IL-6 and IL-10, which are involved in B lymphocyte class switching from IgM and IgD to IgG1 and IgE; by contrast, the Th1 cytokines IL-2 and IFN-g induce class switching to type IgG2a and IgG2b isotypes (Mosmann and Coffman, 1989; Paul and Seder, 1994) . To assess whether JunD is involved in Th1-or Th2-dependent Ig production, serum Ig levels were measured by enzyme-linked immunoassay (ELISA) with isotype-specific antibodies. The mean concentration of IgM, IgA, IgG2a, IgG2b, IgG3 and IgE was comparable between wild-type and transgenic mice ( Figure 1D ). However, transgenic mice showed significantly reduced levels of IgG1 compared to wild-type mice, suggesting that this reduction is mediated by a defect in Th2-dependent cytokine expression, which might explain the observed susceptibility to infections in these mice. Thus, overexpression of JunD seems to affect the lymphoid system and therefore the B and T cell lineage was further analyzed.
Analysis of 4-6-week-old transgenic thymi indicated similar numbers of single and double positive CD4 and CD8 T lymphocytes compared to wild-type. These cells also expressed normal levels of TCRa/CD3 complexes ( Figure 2A and data not shown). Lymphocyte cell numbers in the thymus of transgenic mice were also within the normal range and without consistent differences compared to nontransgenic littermates. Analysis of B cell lineage development did not reveal any significant differences between wild-type and transgenic mice in either splenic cellularity or expression of B220, CD43, IgM, IgD, Gr-1 and Mac1 (data not shown). While thymocyte development was normal, peripheral CD4 þ T cell numbers in spleen and in particular in lymph nodes were reduced compared to controls ( Figure 2A ).
JunD does not protect lymphoid cells from apoptosis
To investigate whether overexpression of JunD in the lymphoid lineage influences apoptotic susceptibility, Ubi-junD m peripheral B and T lymphocytes as well as thymocytes were exposed to various apoptotic stimuli. When B and T cells were treated with either UV-irradiation or TNF-a, no appreciable difference in viability was found between wild-type and transgenic cells (Table I) . Analysis of apoptosis using UbijunD m thymocytes stimulated with Fas (anti-CD95) antibodies, anti-CD3, UV-irradiation or TNF-a did not reveal any significant difference compared to wild type (Table I) . These results indicate that under ex vivo conditions, JunD overexpression does not prevent cells from undergoing apoptosis. Administration of anti-CD3 has been shown to result in the rapid deletion of double-positive (DP) thymocytes by apoptosis (Shi et al, 1991) . Wild-type and Ubi-junD m mice treated with anti-CD3 showed a similar reduction of DP thymocytes as assessed by flow cytometry ( Figure 2B , upper panel). Furthermore, no increased sensitivity of junD À/À thymocytes was observed, as the level of depletion was similar compared to wild-type mice ( Figure 2B , lower panel). Thus, neither increased JunD levels nor the absence of JunD can modulate the susceptibility of thymocytes to anti-CD3-induced cell death.
JunD and its role in mitogen-induced T lymphocyte proliferation
To analyze whether JunD functions as a negative regulator during lymphocyte proliferation, ex vivo proliferation assays were performed with purified splenic T cells. Ubi-junD m Thy-1.2 þ or CD4 þ T cells showed a marked decrease in proliferation when grown in the presence of anti-CD3 alone or in combination with anti-CD28 ( Figure 3A ), and responded poorly to phorbol 12-myristate 13-acetate (PMA) plus calcium ionophore ionomycin ( Figure 3A and data not shown). Interestingly, when grown with concanavalin A (ConA), a stimulus acting downstream of receptor signaling, no significant difference was found between the proliferation rates of control and transgenic cells. Furthermore, no significant difference in viability between wild-type and transgenic cells was observed independently of the stimuli used (data not shown). When junD À/À T cells were analyzed using the same assays, a stronger proliferative response after induction with anti-CD3 and anti-CD28 or with PMA plus ionomycin was detected ( Figure 3B ). The proliferation of junD À/À T cells in response to ConA was again unaffected. These data indicate that JunD regulates the proliferation of T cells following specific mitogenic stimuli. 
CD25 expression in CD4 þ T cells is regulated by JunD
T cell receptor (TCR)-induced S-phase entry of resting T lymphocytes is promoted by transcriptional upregulation of
8-to 12-week-old wild-type and Ubi-junD m mice were used. Cells were stimulated for 24 h with the indicated death-promoting stimuli. Cell viability was determined in duplicate by AnnexinV and propidium iodide staining. The result of three independent experiments (7s.d.) is shown for each activation; n.d., not done.
the IL-2 gene, which has an AP-1 binding site and is an essential mediator of proliferation (Rooney et al, 1995b; Macian et al, 2000) . Signaling through the IL-2Ra (CD25) plays a pivotal role in T cell proliferation. Interestingly, reduced expression of CD25 was detected in transgenic CD4
þ T cells upon activation with anti-CD3 and anti-CD28 
and Ubi-junD m (closed bars) T cells were stimulated with plate-bound anti-CD3 (1 or 10 mg/ml), anti-CD3 (1 mg/ml) with anti-CD28 (100 mg/ml), PMA (10 ng/ml) plus Ca 2 þ ionophore (100 ng/ml) (PMA þ Iono) or with concanavalin A (0.1 or 1 mg/ml; ConA) for 48 h. (B) Proliferation of Thy1.2 þ junD þ / þ (open bars) and junD À/À (gray bars) T cells stimulated with plate-bound anti-CD3 (10 mg/ml) plus anti-CD28 (10 mg/ml), PMA (10 ng/ml) plus Ca 2 þ ionophore (100 ng/ml) (PMA þ Iono) or concanavalin A (1 mg/ml; ConA) for 48 h. Results are mean7s.d. [ 3 H]thymidine incorporation for quadruplet samples. (C) CD25 cell surface expression in junD þ / þ and Ubi-junD m CD4 þ T cells; untreated (Control); anti-CD3 (10 mg/ml) and anti-CD28 (10 mg/ml); and ConA (1 mg/ml) for 24 h. (D) CD25 RNA expression was determined by semiquantitative (left panel) and real-time (right panel) PCR: tub, tubulin (E, F) CD25 cell surface and RNA expression in junD þ / þ and junD À/À CD4 þ T cells activated and analyzed as described above. CD69 cell surface (G) and RNA expression (H) in junD þ / þ and Ubi-junD m Thy1.2 þ or in junD À/À CD4 þ T cells (H) after 24 h stimulation with anti-CD3 and anti-CD28.
( Figure 3C ) as measured by flow cytometric analysis (FACS). Real-time PCR further revealed that increased JunD expression resulted in decreased CD25, although CD25 expression was not changed when T cells were treated with ConA ( Figures 3C and D) . Consistently, increased expression levels of CD25 were detected in the junD À/À CD4 þ T cell population analyzed either by FACS or real-time PCR ( Figures 3E and F) . In addition, expression of the cell surface CD69 receptor, another activation marker of T cell proliferation, was also found to be markedly decreased in activated transgenic T cells ( Figures 3G and H) , whereas expression was significantly increased in junD À/À T cells ( Figures 3G and H) . Thus, JunD is able to function as a negative regulator of TCR-induced lymphocyte proliferation.
Molecular analysis of Ubi-junD m T cells
To examine the role of JunD in cytokine response, transgenic T cells were stimulated with anti-CD3 alone, or in combination with anti-CD28, and the production of cytokines was examined. Ubi-junD m Thy-1.2 þ T cells secreted normal levels of IL-2 as well as IFN-g, essential cytokines for Th1 lineage commitment ( Figure 4A and data not shown). In contrast, 
CD4
þ T cells were cultured with increasing amounts of recombinant IL-4, the proliferation defect of Ubi-junD m T cells was completely rescued in a dose-dependent manner ( Figure 4D) . Importantly, when cultured in the presence of neutralizing anti-IL-4 antibody, both wild-type and transgenic T cell populations exhibited the same proliferation as measured by thymidine incorporation ( Figure 4D ). This indicates that the reduced proliferation of transgenic T cells is most probably due to reduced IL-4 levels.
Further analysis on JunD expression during lymphocyte proliferation showed that endogenous and exogenous JunD levels remained at constant levels upon ConA and anti-CD3 and anti-CD28 stimulation ( Figure 4E , upper and middle panel), whereas addition of IL-4 significantly induced exogenous and endogenous JunD levels ( Figure 4E, lower panel) .
Altered Th-cell differentiation and cytokine expression in JunD-modified T cells Effector T cell populations from wild-type and JunD-modified CD4 þ T cells were generated applying conditions that induce either a Th1 or Th2 phenotype. Upon restimulation, cytokine production was assayed by intracellular cytokine (ICC) staining and ELISA. Transgenic CD4 þ T cells gave rise to significantly fewer IL-4-producing Th2 cells, as measured by ICC staining ( Figure 5A ). ELISA, semiquantitative and quantitative RT-PCR analyses further showed a reduction of IL-4 and IL-10 expression in Th2 cells from the Ubi-junD m CD4 þ or Thy1.2 þ T cell population ( Figures 5A and B) . When junD
cells were analyzed for differentiation of T cells into
Th2 type, ICC analysis showed a marked increase in the number of IL-4-producing cells ( Figure 5C ). An increase in IL- 4, and also IL-10 production, was further observed by ELISA analyses ( Figure 5C ). While expression levels of IL-4 were similar in junD À/À Th2 polarized CD4 þ cells, a strong increase in IL-10 expression was found ( Figure 5D ). Induction of IL-10 mRNA expression under Th1-polarizing conditions was also seen, but to a slightly lesser extent (data not shown). The unaffected IL-4 mRNA expression, yet increased secretion might be explained by post-transcriptional regulation of IL-4 in junD À/À Th2 cells. Thus, under these conditions, JunD regulates Th2 cytokine production and Th cell differentiation. To examine whether JunD is also involved in Th1 lineage progression, wild-type and junD À/À CD4 þ T cells were cultured under Th1-polarizing conditions. ICC analysis revealed a significant increase in Th1 IFN-g-producing cells generated from junD À/À CD4 þ T cell population ( Figure 5E ).
Moreover, JunD-deficient cells cultured under both Th-polarizing conditions secreted increased levels of IFN-g ( Figure 5F ). The expression of IFN-g mRNA was also found to be increased in both junD À/À Th1 and Th2 cells ( Figure 5F and data not shown). Thus, JunD not only controls the expression of Th2-specific cytokines but also affects Th1 helper cell differentiation.
To further study the possible mechanism of how JunD regulates Th differentiation, the expression of additional regulators was analyzed. The expression of GATA-3, a potent transcription factor promoting Th cells into Th2 lineage differentiation (Zhang et al, 1997 (Zhang et al, , 1998 Zheng and Flavell, 1997) , was slightly affected in Ubi-junD m or junD À/À Th2 cells ( Figure 5G ). However, the expression of T-bet, an important regulator of the Th1 lineage controlling IFN-g production (Szabo et al, 2000 (Szabo et al, , 2002 , was significantly increased in junD À/À CD4 þ T cells, and a specific induction of T-bet expression was also seen in the junD À/À Th2 population ( Figure 5G ). Taken together, JunD appears to be involved in regulating the expression of key molecules implicated in the control of Th cell differentiation.
SOCS1 expression is modulated by JunD in vitro and in vivo
It was reported that JunD is a potent protector against numerous apoptotic insults, for example, TNFa-mediated apoptosis in LPS-induced hepatitis . LPS rapidly induces SOCS1 expression, which in an autoregulatory manner negatively regulates LPS signaling (Krebs and Hilton, 2001; Kinjyo et al, 2002; Nakagawa et al, 2002) as well as cytokine signaling, including IL-4 and IFN-g (Alexander, 2002; Fujimoto et al, 2002) . As elevated levels of IFN-g and IL-4 were observed in junD À/À CD4 þ polarized T cells, the expression level of SOCS1 during Th differentiation was analyzed next. When compared to wild-type Th cells, SOCS1 expression was drastically reduced in the junD À/À Th1 and Th2 cell populations ( Figure 5G ). Conversely, SOCS1 expression was found to be increased in Ubi-junD m transgenic CD4 þ polarized Th2 cells ( Figure 5G ).
To investigate whether JunD can regulate SOCS1 expression in vivo, Ubi-junD m transgenic and junD À/À mice were challenged intraperitoneally with LPS and after 6 h SOCS1 expression was examined. RNA analyses revealed a slightly increased SOCS1 expression in Ubi-junD m splenocytes, whereas induction of SOCS1 expression was abolished in cells from junD À/À mice ( Figure 6A ). The toxic effect of LPS is believed to be mediated in part by TNF-a expression (Beutler et al, 1985; Pfeffer et al, 1993) ; therefore expression of TNF-a was measured by RNA analyses of total spleen and in serum after LPS administration. Whereas serum TNF-a levels were found to be decreased in Ubi-junD m transgenic mice, the production of TNF-a was comparable in wild-type and junD À/À mice after LPS challenge ( Figure 6B ), although a slight increase in TNF-a mRNA expression was found in the junD À/À splenocytes ( Figure 6A ). To test whether Ubi-junD m transgenic mice are more resistant to LPS treatment than controls, mice were treated with LPS at a dose that killed control mice after 48 h. Ubi-junD m transgenic mice were found to be more resistant to LPS treatment than controls ( Figure 6C ), as wild-type animals died approximately 40 h earlier than the first Ubi-junD m transgenic mice. These data demonstrate that JunD does affect SOCS1/TNF-a expression in vivo, underscoring the importance of JunD in modulating LPS-induced endotoxicity.
Discussion
JunD is the most abundantly expressed Jun family member, which was proposed to act as a 'protector' for cells from stress-induced apoptosis and negative regulator of cell proliferation. Here we show that JunD modified mice, either transgenic or knock-out, exhibit profound defects in the lymphoid system ( Figure 6D ). In transgenic mice, lymphocyte numbers are diminished at the expense of increased neutrophils and the animals suffer from spontaneous infections. Whereas Ubi-junD m transgenic B and T lymphoid cells respond normally to death-inducing signals, these cells exhibit a severe proliferation defect. Conversely, lymphocyte proliferation was enhanced in the absence of JunD.
As cells and mice lacking JunD are sensitive to p53-dependent stress and TNF-a-induced apoptosis, JunD has been postulated to function as an antiapoptotic gene . Increased antiapoptotic activity has also been linked to a collaboration of the JNK/JunD pathway with NF-kB (Lamb et al, 2003) . Moreover, a protective role of JunD was also shown to involve paracrine factors using a chronic kidney disease mouse model (Pillebout et al, 2003) . As treatment of thymocytes, B or T lymphocytes with death-promoting agents as well as activation-induced cell death revealed no differences in apoptosis between UbijunD m mice and control littermates, both in vitro and in vivo, JunD does not appear to be a 'general' protector in all cell types. In addition, junD À/À thymocytes were not sensitive to anti-CD3-induced cell death in vivo, suggesting that JunD cannot protect lymphoid cells from apoptotic responses. Further support comes from experiments using retinal photoreceptors lacking JunD, which are also not sensitive to apoptosis (Hafezi et al, 1999) . A function of JunD as a negative regulator of T cell activation was revealed, as overexpression of JunD reduced proliferation, whereas the loss of JunD caused an acceleration of lymphoid proliferation. A similar inhibitory effect of JunD on proliferation was also observed in transgenic B lymphocytes (data not shown). JunD seems to regulate key molecules involved in T cell signaling and cell proliferation, as both IL-2Ra (CD25) and CD69 are less efficiently upregulated in transgenic T lymphocytes upon TCR-mediated stimulation. Conversely, increased IL-2Ra and CD69 expression was found in the absence of JunD, suggesting that both surface markers are regulated by JunD in T lymphocytes. Given normal CD25 expression and proliferation upon ConA stimulation in transgenic T cells, JunD seems to be critically involved in CD25-dependent T lymphocyte activation. Tyrosine phosphorylation and ERK activation were unchanged in Ubi-junD m T cells, indicating that ectopic JunD is apparently not affecting these signaling events (data not shown). However, the inhibitory effect of JunD on CD3/CD28-induced proliferation could be rescued by high doses of IL-4. This demonstrates that JunD regulates IL-4 expression in T cells directly or indirectly. JunD protein might bind directly to the IL-4 promoter and downregulate its activity, or alternatively, might control the expression of other transcriptional regulators of the IL-4 gene in T cells, such as GATA-3 or JunB. These observations support a role for JunD as a regulator of T cell activation rather than being a modulator of apoptosis for TCR-mediated signaling.
T helper cell differentiation into Th1 and Th2 subsets is an important process that determines the immune response against intra-or extracellular pathogens via cytokine secretion (Mosmann and Coffman, 1989; Paul and Seder, 1994) . JunD promotes proliferation and differentiation of Th2 cells, as transgenic T cells showed a strong reduction in secretion of the Th2-cytokines IL-4 and IL-10. Conversely, in junD À/À T cells IL-4 and IL-10 secretion was elevated and therefore T cells are biased toward Th2 differentiation. The involvement of JunD in Th2 differentiation was further supported by the observation that Ubi-junD m transgenic mice displayed IgG1 subclass deficiency and that these mice were susceptible to infections. The second Ig subtype associated with the Th2 pathway, IgE, was not found to be changed in JunD transgenic mice.
The transcription factors c-maf and GATA-3 are critical for the commitment of Th2 lineage (Ho et al, 1996; Zheng and Flavell, 1997) , whereas Th1 cell differentiation is dependent on T-bet expression (Szabo et al, 2000) . Among the Junfamily members, JunB has been implicated in Th2 but not in Th1 differentiation (Rincon et al, 1997; Li et al, 1999; Hartenstein et al, 2002) . JunB is selectively expressed by Th2 cells; it can activate IL-4 promoter activity, and JunB transgenic mice have increased IL-4 levels in Th1 cells (Li et al, 1999) . c-Jun is also involved in IL-4 promoter activity, whereas even high amounts of JunD did not activate IL-4 promoter activity (Li et al, 1999) ; however, this does not exclude the possibility that JunD may repress IL-4 transcription in vivo. Itch, an E3 ubiquitin ligase, was found to ubiquitinate JunB and to a lesser extent c-Jun, but not JunD (Fang et al, 2002) . As a consequence, Th2 cells of itch -/-mice exhibited enhanced levels of JunB, and IL-4 and IL-5 production was enhanced (Fang et al, 2002) .
Recently, JunB was identified as a regulator of myeloid and B cell proliferation using Ubi-junB transgenic mice (Passegue et al, 2001; Szremska et al, 2003) as well as of bone cell differentiation (Kenner et al, 2004) .
We propose that a major function of JunD together with JunB is to regulate IL-4 expression in Th2 differentiation. JunD negatively affects Th2 differentiation and proliferation by preventing IL-4 expression. In contrast, in the absence of JunD or when JunB is overexpressed, JunB induces IL-4 transcription and biases Th cells toward the Th2 lineage. Thus, the Th differentiation model provides an excellent example for the antagonistic effects of JunD and JunB.
In the absence of JunD, Th2 cells also produced high levels of the Th1-specific cytokine IFN-g, which was also increased in polarized Th1 cells. Unchanged IFN-g levels were observed in Thy1.2 þ transgenic splenic T cells, which could be caused by the presence of both CD4 þ and CD8 þ cells. The enhanced levels of IFN-g in the Th1 cells may explain the aberrant expression of T-bet in junD À/À Th1 and Th2 cells, as it has recently been shown that IFN-g is a potent inducer of T-bet expression (Lighvani et al, 2001) . The loss of a JunDmediated T-bet repression could further explain the altered cytokine profile observed in junD À/À cells. As T-bet has been reported to induce IFN-g expression and to repress IL-4 in fully differentiated Th2 cells, JunD might also serve as a regulator of T-bet gene expression. Defective cytokine expression of junD À/À mice might also be a consequence of insufficient SOCS1 expression. Increased IFN-g expression accompanied by increased T-bet expression was also observed in JunB-deficient Th2 cells, but not in Th1 cells (Hartenstein et al, 2002) , further supporting the antagonistic effects of JunD and JunB during Th differentiation. The ability of JunD to control SOCS1 expression, a negative regulator of IFN-g and TNF-a signaling, may also explain why junD À/À mice are sensitive to LPS-induced hepatitis . SOCS1 À/À mice display increased sensitivity to IFN-g and contain elevated serum levels of this cytokine (Alexander, 2002) . As a result, SOCS1 À/À mice are sensitive to LPS-induced endotoxin shock (Nakagawa et al, 2002) . Proinflammatory cytokines, in particular, TNF-a secreted from macrophages and IFN-g produced from T cells, play key roles in the pathogenesis of septic shock (Hack et al, 1997) . Serum levels of TNF-a were reduced to half in LPS treated transgenic JunD mice, whereas comparable amounts were detected in junD À/À mice. Thus, the sensitivity to LPStreatment in the absence of JunD might not be due to increased TNF-a production, but is probably a result of defective IFN-g and IL-4 signaling in T cells, which express receptors for both cytokines. It is further possible that different T cell, populations, such as natural killer T cells are critically involved, as these cells might receive simultaneous signals from both IL-4 and IFN-g and are responsible for the sensitivity to LPS-induced endotoxin shock. As Ubi-junD m mice are also more resistant to LPS treatment probably due to less TNF-a production modulation of JunD levels might be a potential strategy for the treatment of Th-associated diseases including septic shock.
Materials and methods
Generation of Ubi-junD m transgenic mice A 1.0-kb cDNA fragment containing the coding region of mouse junD was amplified by PCR using oligos with a 5 0 -SpeI and 3 0 -HindIII overhang and fused into a vector containing the human ubiquitin C promoter and an in-frame COOH-terminal myc-tag, amino acid sequence, EQKLISEEDLN, containing a variable linker of additional three amino acids (Schorpp et al, 1996; Togel et al, 1998) . The transgene was released by digestion with NotI and SalI and microinjected into the pronuclei of one-cell embryos (C57BL/ 6 Â CBA F1) using standard techniques. Transgenic progeny were identified by Southern blotting. Founder males were mated to C57BL/6 females to generate lines that were maintained as heterozygotes. Transgenic offspring were identified by PCR analysis of tail DNA using the following primers: JunDA, CTCAAGGAC GAGCCGC; AM9, CCTGCAGGAATTCGATAAGCTTAAGTCA; and RTmyc, GGAAACACACACTCAACACGCAACCAAC. Amplified fragments of 617 bp (transgenic) and about 900 bp (wild type) were obtained. JunD À/À mice used in this study have been previously described (Thepot et al, 2000) . All mice were housed under pathogen-free conditions and were handled according to the Austrian laws governing the use of animals for research.
Serum Ig measurements
The concentrations of the different immunoglobulin subclasses in mouse sera were measured from at least 8-week-old mice by ELISA according to the manufacturer's instructions (BD PharMingen). ELISA for IgE was performed using rat anti-mouse IgE (clone 23G3; Southern Biotechnology Associates) and biotinylated-anti-mouse Ig, followed by horseradish peroxidase-conjugated streptavidin (BD PharMingen).
Flow cytometry
Single-cell suspensions of thymi and spleens were prepared and 1 Â10 6 cells were stained in PBS/1% FCS with the respective antibodies for 30 min at 41C. Monoclonal antibodies were FITCconjugated (CD8, IgM, IgD, CD11b, Mac1), PE-conjugated (CD4, Thy-1.2, CD3, Gr-1, CD19) or APC-conjugated (TCR-b, CD45R (B220) CD44) from BD PharMingen. Expression of CD25 (IL-2Ra) and CD69 was determined by cell surface staining using PEconjugated anti-CD25 or anti-CD69 antibody. Analyses were performed on a FACScalibur flow cytometer (Becton Dickinson) using CELL Quest TM software.
In vitro and in vivo apoptosis assays
Single-cell suspension of thymocytes and splenocytes were maintained at 371C in an atmosphere at 5% CO 2 . A total of 2 Â10 6 cells/ ml were treated with various apoptotic stimuli. Apoptosis was induced by the addition of various concentrations of anti-Fas antibody (Jo-2 clone; BD PharMingen), anti-CD3 antibody (clone 145-2C11; BD PharMingen), 10 ng/ml TNF-a (R&D Systems) or by UVC irradiation (40 J/m 2 ) using a Stratagene crosslinker. Cells were harvested 24 h after treatment, and cell viability was determined by staining with PE-conjugated AnnexinV (BD PharMingen) and propidium iodide and analyzed with a FACScan TM cytometer as described above. For in vivo experiments, 6-12-week-old mice were injected i.p. with PBS or anti-CD3 (BD PharMingen) antibody (20 or 40 mg). After 48 h, thymi were removed and the viability of thymocytes was assessed as described before.
T lymphocyte proliferation
Spleens were removed from 6-8-week-old mice and single-cell suspensions were prepared. T cell isolation was performed by incubating splenocytes with anti-mouse Thy-1.2 or anti-CD4 microbeads (Miltenyi Biotec) and T cells were separated by using an autoMACS magnetic cell sorter (Miltenyi Biotec). Purified T cells were cultured at 0.5 Â10 5 cells per well in 100 ml medium, precoated with anti-CD3 antibody (clone 145-2C11; BD PharMingen), anti-CD28 (clone 37.51; BD PharMingen), concanavalin A (Sigma) or PMA (Sigma) plus Ca 2 þ ionophore A23617 (Sigma) as indicated in the figures. Cells were stimulated in quadruplets for 48 h and proliferation was assessed by the [ 
RT-PCR and Western analyses
Purified splenic T cells were incubated with or without the indicated mitogenic stimuli and cultured for the time points indicated. Total RNA was isolated using Trizol reagent (GIBCO-BRL); cDNA synthesis was performed as recommended by the Ready-To-Go TMYou-Prime-First-Strand Beads Kit from Amersham Biosciences. PCR amplifications were performed under standard conditions. Primer sequences are available upon request. Expression of gene markers and controls were analyzed by real-time PCR using DNA Engine Opticon 2 Lightcycler TM . Protein extracts and Western blot analyses were performed according to standard procedures using 20 mg of whole-cell extracts. The following antibodies were used in this study: anti-myc (a kind gift from F Propst, University of Vienna, Austria), anti-JunD antibody (a kind gift from D Lallemand) and anti-actin (A2066; Sigma). Proteins were visualized by ECL (Amersham Biosciences).
Cytokine measurements
Thy1.2 þ T cells were cultivated for 24 h and culture supernatants were harvested to measure IL-2, IL-4, IL-10, or IFN-g levels by ELISA (R&D Systems). For Th differentiation cytokine measurement, CD4 þ T cells were cultivated under Th1-or Th2-differentiating conditions. After 4 days medium was changed. Cells were collected after 5 days, washed and 5 Â10 5 cells were restimulated with platebound anti-CD3/anti-CD28 in the absence of any additional cytokines. Supernatants were collected 24 h later and subjected to ELISA. For intracellular staining, CD4 þ T cells were cultivated 5 days under Th1-or Th2-differentiating conditions, restimulated with anti-CD3/anti-CD28 and 0.01% Brefeldin A for 6 h. Cells were then further processed according to the manufacturer's protocol (BD PharMingen) and stained with PE-coupled anti-IL4 or APCcoupled anti-IFN-g for 30 min. After washing, cells were analyzed by FACScalibur flow cytometer (Becton Dickinson) using CELL Quest TM software. In vitro Th differentiation For in vitro T cell differentiation assays, CD4 þ T cells (1 Â10 6 /ml) were cultured in Iscoves's modified Dulbecco's medium and stimulated with each 10 mg/ml plate-bound anti-CD3 and anti-CD28 in the presence of IL-12 (4 ng/ml; R&D Systems) for Th1 differentiation or 1000 U/ml IL-4 and anti-IL12 (5 ng/ml; R&D Systems) for Th2 differentiation.
LPS induction in vivo
Matched mice (8-12 weeks old) of each genotype were injected i.p. with the indicated amounts of LPS (Escherichia coli serotype 0111:B4, Sigma), and blood or spleens were collected at the indicated time. Animals were monitored for lethality every 12 h.
